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The e f f e c t s  c rea ted  by l a r g e  a s t e r o i d s  and comets impac t ing  on t h e  
Ea r th  have generated i n c r e a s i n g  i n t e r e s t  i n  a  number o f  s c i e n t i f i c  
d i  s c i  p l  i nes, rang ing  f rom c r a t e r i n g  mechanics t o  b i o l  og i  c a l  research. 
An i n t r i g u i n g  i dea  r a i s e d  i n  1980 by A1 varez and co-workers and now 
discussed by many o the rs  i s  t h a t  a  number o f  l a r g e  impacts  formed g i a n t  
c r a t e r s  on t h e  Ea r th  and have e j e c t e d  s u f f i c i e n t  m a t e r i a l  i n t o  t h e  
atmosphere t o  cause major  g l oba l  atmospheric and b i  01 og i  c  changes [I], 
I n  an e f f o r t  t o  q u a n t i f y  c e r t a i n  aspects o f  such impact events, we a r e  
work ing on a  s e r i e s  o f  a n a l y t i c a l  c a l c u l a t i o n s  o f  l a rge -sca le  c r a t e r i n g  
events  f o r  b o t h  oceanic and c o n t i n e n t a l  s i t e s  i n  o rde r  t o  examine t h e i r  
e f f ec t s  on t h e  t a r g e t  media and atmosphere. 
The f i r s t  o f  our a n a l y t i c a l  s t ud ies  t h a t  have been completed 
c o n s i s t s  o f  computer s imu la t i ons  o f  t h e  dynamics o f  (a )  t h e  passage o f  a  
10-km-diameter a s t e r o i d  moving a t  20 km/sec th rough t h e  E a r t h ' s  
atmosphere, and (b )  t h e  impac t - c ra te r i ng  events  i n  bo th  oceanic and 
c o n t i n e n t a l  env i  ronments. The a s t e r o i d  was modeled as a  sphe r i ca l  body 
moving v e r t i c a l  l y  downward, and t h e  phys i ca l  p r o p e r t i e s  and equat ions o f  
s t a t e  o f  t h e  as te ro id ,  ocean, c rus t ,  and mant le  were se lec ted  t o  
represen t  genera l i zed  b u t  r e a l i s t i c  t e r r e s t r i a l  cond i t i ons .  The 
a s t e r o i d  composi t ion was modeled as a  s i n g l e  gener ic  s i l i c a t e  
(quar tz ) .  The geo log ic  l a y e r i n g  was de f i ned  on t h e  b a s i s  of Vp and VS 
se ismic data, and d e n s i t i e s  and thermal g rad ien t s  were modeled f o r  t h e  
t a r g e t  rocks. The passage o f  t h e  a s t e r o i d  th rough t h e  atmosphere was 
s imu la ted  w i t h  t h e  mu l t iphase  DICE computer code, and t h e  impact-  
c r a t e r i n g  events  were s imu la ted  w i t h  t h e  CRALE2 computer code. Both 
codes were chosen because o f  t h e i r  ex tens i ve  t e s t i n g  and c a l i b r a t i o n  
aga ins t  a  wide range o f  h igh-exp los ive  and nuc lear -exp los ion  data. 
C a l c u l a t i o n  of t h e  dynamics assoc ia ted  w i t h  t h e  passage of t h e  
a s t e r o i d  th rough t h e  atmosphere showed s t rong  e f f e c t s  on t h e  surrounding 
a i r  mass throughout  a  c a l c u l a t i o n a l  t i m e  o f  30 s. Dur ing  i t s  descent, 
t h e  a s t e r o i d  generated a  s t r ong  shock wave o f  h o t  compressed a i r  t h a t  
i n i t i a l l y  formed a  narrow, con i ca l  bow wave ex tend ing  back a long  t h e  
t r a j e c t o r y .  A f t e r  impact, t h i s  mass o f  shocked a i r  expanded r a p i d l y  f o r  
t ens  of k i l ome te rs  as a  s t r o n g l y  heated, low-dens i ty  r e g i o n  behind t h e  
outward-moving shock f r o n t  i n  t h e  a i r .  Peak a i r  pressures i n  f r o n t  of 
t h e  a s t e r o i d  were about 0.5 Kb a t  10-km a l t i t u d e  and reached 200 Kb a t  
t h e  t i m e  o f  impact. A  l a r g e  heated mass o f  low-dens i ty  a i r  t h a t  had 
peak temperatures o f  nea r l y  20,000 K formed ad jacen t  t o  t h e  u p l i f t i n g  
c r a t e r  r i m  and moved r a p i d l y  ou t  f rom t h e  impact  area; su r f ace  f i r e s  
cou ld  be expected a t  g rea te r  ranges i f  combust ib le  m a t e r i a l s  were 
present.  By 10 s, t h e  low-densi ty  a i r  s t i l l  had temperatures of severa l  
thousand degrees k e l v i n ,  and extended outward i n  excess of 30 km and 
upward more t han  30 km. A t  ranges o f  200 km, t h e  peak a i r  v e l o c i t y  was 
est imated t o  be as h i g h  as 50 m/s, Ca l cu la t i ons  t o  30 s  showed t h a t  t h e  
a i r  shock f r o n t s  and most o f  t h e  f o l l o w i n g  shocked a i r  mass preceded t h e  
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f o rma t i on  o f  t h e  c r a t e r ,  e j ec ta ,  and r i m  u p l i f t  i n  t i m e  and l o c a t i o n  and 
d i d  n o t  i n t e r a c t ,  Up1 i f t e d  r i m  and t a r g e t  m a t e r i a l  were l a t e r  e j e c t e d  
i n t o  t h e  shock-heated, low-dens i ty  a i r  immediate ly  above t h e  fo rming  
c r a t e r  and would i n t e r a c t  o n l y  i n  t h i s  r e g i o n  o f  t h e  expanding 
atmosphere. 
The c a l c u l a t i o n s  o f  t h e  impac t - c ra te r i ng  events showed e q u a l l y  
d ramat ic  e f f e c t s  on t h e  oceanic and c o n t i n e n t a l  environments throughout  
a  c a l c u l a t i o n a l  i n t e r v a l  o f  120 s. E a r l y  i n  bo th  impact sequences, t h e  
a s t e r o i d  pene t ra ted  and compressed t h e  ocean and sedimentary rocks  t o  
about a  2-km th ickness .  By 10 s  i n  bo th  c a l c u l a t i o n s ,  t h e  a s t e r o i d  was 
l a r g e l y  vapor ized and t h e  t r a n s i e n t  c r a t e r s  were about 30 km deep and 
about 40 km across; t h e  oceanic impact had penet ra ted  i n t o  mant le  
m a t e r i a l  t h a t  had r e s i d u a l  temperatures o f  about 400 OC, A t . t h i s  t ime,  
t r a n s i e n t  r i m  u p l i f t  o f  ocean and c r u s t a l  m a t e r i a l  exceeded 20 km i n  
h e i g h t  above t h e  o r i g i n a l  ocean l e v e l .  Peak a x i a l  overpressures were 
about 4 Mb a t  t h e  surface, 2 Mb a t  a  depth o f  5 km, 1 Mb a t  a  depth o f  
10 km, and 0.25 Mb a t  a  depth o f  40 km. I n c r e a s i n g l y  s t r o n g  rebound o f  
t h e  deeper rocks occurred a f t e r  about 30 s, and t h e  t r a n s i e n t  c r a t e r s  
ceased t o  deepen below about  40 km i n  mant le  m a t e r i a l  a t  about 450 O C .  
The t r a n s i e n t  oceanic diameter, about 60 km across a t  30 s, con t inued  t o  
expand a t  a  s lower  r a t e  f o r  t h e  n e x t  90 s. The t r a n s i e n t  r i m  c r e s t  of 
ocean and c r u s t  rose t o  a  maximum o f  about 40 km a t  30 s  i n t o  t h e  
event, At 60 s, t h e  t r a n s i e n t  r i m  s tood  a t  l e a s t  35 km above t h e  
o r i g i n a l  ocean l e v e l  and was moving outward a t  v e l o c i t i e s  as g r e a t  as 
0.5 km/s. At 120 s, t h e  t r a n s i e n t  oceanic d iameter  was about 105 km and 
t h e  t r a n s i e n t  c o n t i n e n t a l  d iameter  was about 85 km, The massive rebound 
of t h e  subc ra te r  f l o o r  c r u s t  and mant le  t h a t  s t a r t e d  a t  about 30 s  
con t inued  t o  t h e  end o f  t h e  c a l c u l a t i o n a l  t imes  and e x h i b i t e d  major  
inward  f l o w  and u p l i f t .  Centra l  u p l i f t  s t r u c t u r e s  a re  i n d i c a t e d  i n  bo th  
c r a t e r i  ng c a l c u l a t i o n s .  The t r a n s i e n t  r i m  c r e s t s  were i n i t i a l  l y  above 
t h e  o r i g i n a l  impact sur faces,  b u t  l a t e - s tage  r e l a x a t i o n  i s  expected t o  
lower  t h e  r ims and produce major  slump t e r r a c e s  and inward-d ipp ing 
layers ,  
A t  120 s, t h e  t a r g e t  m a t e r i a l s  t h a t  surrounded t h e  c r a t e r  f l o o r s  
and w a l l  s  were respondi ng 1  a r g e l y  t o  g r a v i t a t i o n a l  re1 a x a t i  on, b u t  s t i  11 
had m a t e r i a l  v e l o c i t i e s  rang ing  f rom 5 t o  50 m/s, The f i n a l  t r a n s i e n t -  
c r a t e r  mot ions, coupled w i t h  c e r t a i n  exp los ion  and impac t - c ra te r  
analogs, l e a d  us t o  t e n t a t i v e l y  es t ima te  t h a t  t h e  f i n a l  oceanic c r a t e r  
w i l l  have a  d iameter  on t h e  o rde r  o f  120 t o  150 km and a  depth o f  l e s s  
than  10 km, coupled w i t h  c e n t r a l  u p l i f t  and/or m u l t i r i n g  u p l i f t  
s t r u c t u r e s ;  t h e  f i  na l  c o n t i  nen ta l  c r a t e r  i s  t e n t a t i  v e l y  es t imated  t o  
have a  diameter f a  ou t  0  t o  120 km and a  depth o f  l e s s  than  10 km. 
More than  7  x  108 km9 ( lo ig  m e t r i c  t ons )  o f  t a r g e t  m a t e r i a l  was e j e c t e d  
(no mant le)  and would have formed a  massive e j e c t a  b l anke t  surrounding 
t h e  c r a t e r e d  areas. I f  s c a l i n g  ho lds  f rom o t h e r  l a r g e  exp los ion  and 
impac t - c ra te r  f i e l d  data, more t han  70% o f  t h e  e j e c t a  should l i e  w i t h i n  
t h r e e  c r a t e r  d iameters  o f  t h e  impact  po in ts .  The remain ing e j ec ta ,  
i n c l u d i n g  most o f  t h e  a s t e r o i d  m a t e r i a l ,  would r e s i d e  bo th  a t  d i f f e r e n t  
a l t i t u d e s  i n  t h e  atmosphere as h i g h  as t h e  ionosphere and a t  extended 
ground ang s. The u p l i f t e d  h o t  c rus ta l /man t l e  rocks  would cover about 5 5 15 x  10 km o f  t h e  i n n e r - c r a t e r  f l o o r  and, depending on t h e i r  v o l a t i l e  
con ten t ,  may degas v i o l e n t l y  and add ash t o  t h e  atmosphere t h a t  
p o t e n t i a l l y  cou ld  exceed t h e  e j e c t a  cont r ibu t ions .  Other c r a t e r i n g  
processes t h a t  requ i  r e  a d d i t i o n a l  study i nc l  ude such e f f e c t s  as 1 a te -  
stage c r a t e r  re1 a x a t i  ons, ejecta/atmosphere i n t e r a c t i o n s ,  e jec ta  
d i s t r i b u t i o n s  i n  atmosphere, r e t u r n  f low o f  ocean, tsunamis, long-term 
induced volcanism, and numerous o ther  la te -s tage e f fec ts .  
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